Introduction
During the recent decade, ionic polymer metal composite (IPMC), as a smart material, is gaining great importance in the use for both sensors and actuators. An ion polymer metal composite (IPMC) is an Electro-Active Polymer (EAP) that bends in response to a small applied electrical field as a result of mobility of cations in the polymer network [1] and vice versa. A typical IPMC sheet is constructed with a thin (200 μm) ionic polymer membrane like Nafion or Flemion and two metalic electrode layers (10 μm thick) outside such as platinum or gold. When a low voltage electrical field (1 -5V) is applied, the transport of hydrated cations within the solvated IPMC and the associated electrostatic interactions lead to bending motions of the IPMC sheet. Thus, an IPMC can work as a small size actuator. Figure 1 illustrates the mechanism of the IPMC as actuator. On the other hand, when an IPMC is mechanically bent, it will generate a low voltage (order of milivolts) between the two electrodes. The generated voltage is due to the non-uniform concentration of ions in the IPMC membrane. Figure 2 illustrates the behavior of the IPMC as sensor.
Since firstly introduced, the IPMC has been applied in many research fields such as biomedical system, biomimetic robot, and MEMS devices. In these applications, the IPMC may give advantages thank to the low driven voltage, flexible operation, and simple actuating structure. Some applications using IPMC material have been a snake-like robot with IPMC actuator [7] , a micro pump [8] , a scale biped walking robot [9] , an underwater micro robot [10] , etc. Because of the increasing importance of IPMC in the smart material field, it is important to clearly understand the behavior inside the IPMC actuator.
Recently, it has been found that the IPMC possesses an attractive characteristic which is so called the "self -sensing" behavior. The self -sensing ability originates from the variation of surface resistance of the two electrode layers during operating period [11 -12] . If one can capture these variations of surface resistance, the bending curvature can be figured out. The self -sensing ability has been one of the most interesting features of the IPMC transducer.
By employing self -sensing feature, the sensing problem will be easier for the field of biomedical devices, biomimetic and micro robots. In order to investigate the behavior of IPMC and its self-sensing ability, this chapter will cover physical analysis on an IPMC actuator and its self -sensing model. Firstly, the mechanism inside the IPMC actuator under an applied input voltage signal is carried out. The analysis starts from the governing partial differential equation (PDE) for charge distribution in an IPMC, which was introduced firstly by Nasser et al. in [13] and then used in [14] and [15] for investigating the actuation and sensing response. The effect of distributed surface resistance is also considered to obtain accurate boundary conditions for the PDE. Solving the PDE in asymmetric boundary conditions, the charge density inside the IPMC is obtained. Consequently, the induced stress of the IPMC is obtained. Using this induced stress model, a visual simulation technique is proposed for investigating the actuation capabilities of IPMC actuator via ANSYS environment [18] .
Next, the self -sensing ability of the IPMC actuator is analyzed. The self sensing technique is inspired by the variation of surface resistance along the IPMC. An equivalent circuit of IPMC actuator is present and analyzed. Consequently, a simple technique to implement the self -sensing behavior of IPMC is carried out. In this technique, the variation of surface resistance along the IPMC is figured out using half clamped configuration. Four voltage feedback signals are then employed to estimate the bending behavior. Experimental results show that this technique has a strong ability to apply the self -sensing technique into real application, i.e. micro robot, biomimetic robot. 
Electromechanical model of IPMC actuator
The electromechanical model developed for the Nafion based IPMC relies on field and continuity equations. Let D , E , φ , and ρ denote the electric displacement, the electric field, the electric potential, and the charge density, respectively, the field equations and continuity equation using in this analysis are as follows:
where, e κ is the effective dielectric constant of the polymer, F is Faraday's constant, J is the ion flux vector, and C + and C − are the cation and anion concentrations, respectively. The ion flux is considered to be composed of three primary terms: the diffusion, migration and convection terms:
where, d is the ionic diffusivity, R is the gas constant, T is the absolute temperature, p is the fluid pressure, v is the free solvent velocity field, and V Δ is the volumetric change.
Considering the geometric description of IPMC as in figure 3 , since the thickness of an IPMC is much smaller than its length or width, the first assumption is claimed as: inside the polymer, D , E , and J are all restricted to the thickness direction ( x -direction). This assumption enables to drop the boldface notation for these variables. Rewrite equation (2) as:
Because the anions are constrained to the polymer backbone, the concentration of anions inside the IPMC is considered to be spatially and temporally constant. Therefore, the cation gradient can be rewritten specifically in terms of the electric field E :
Employing a modified version of Darcy's Law [29] , the free solvent velocity field can be calculated as:
where ' k represents the hydraulic permeability. The second assumption is that the convection term can be neglected: 0 v → . Then, equation (7) becomes:
By employing equations (5), (6) and (8), the original flux equation (4) can be rewritten as:
By taking the gradient of (9) and employing (3), the nonlinear PDE in term of electrical field is obtained as:
1 .
Consider the properties of the IPMC actuator as shown in table 1. It can be seen that the coefficient ratio of the linear term and the nonlinear term:
is around the order of 
Neglecting small nonlinear term, the PDE for the electric field can be obtained as:
or in the form of charge density ρ :
where, C − is the anion concentration and κ is the effective dielectric constant of the polymer. The solutions of (13) and (14) are analyzed as follows:
It is noted that the IPMC transducer consists of two noble metallic layers outside as electrodes and one ion-exchange polymer membrane with fixed anions at both sides and movable cations. Because of the fixed anion layers, an applied step voltage will lead to an asymmetry in the ion redistribution [16 -17] .
Considering the steady state where 0 J = , the PDE (13) becomes:
where:
Since fixed anions locate at both sides of the polymer membrane (see figure 1) , the charge density in the anode boundary layer keeps a constant value, given by:
Whereas, in the remaining part, the charge density is given as:
Thus, the charge density ρ , electric field E , and electric potential field φ in the anode boundary layer are then given by:
where, w is the thickness of the anode boundary layer, 0 E , and 0 A are an integration constants. In the remaining region, solution of the ODE (5) can be obtained as:
where, 1 C , 2 C ,and 3 C are integration constants. Consequently, the function of charge density in steady state is obtained for an IPMC actuator under a step voltage input signal:
Effect of distributed surface resistance in an IPMC actuator
In order to find correct value for the charge density ρ , electric field E , and electric potential field φ , a sufficient set of boundary conditions must be considered. In this section, the effect of distributed surface resistance is investigated to serve as a boundary condition for solving the distribution of charge density, electric field, and electric potential along the z axis. Since the chemical reduction of salt is typically used to build the electrode layers, the surfaces of an IPMC typically consist of aggregated nano particles of noble metal. Thus, the affect of surface resistance is non-negligible in the behavior of IPMC during sensing and actuating process.
Considering the effect of distributed surface resistance, the equivalent circuit of the IPMC is shown as in figure 4 . Let the electrode resistance per unit length be 1 r in z direction and 2 r in x direction. As shown in figure 4, ( ) 
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Under the effect of distributed surface resistance, the first two boundary conditions for the PDE are:
Other boundary conditions are described as:
These constraints are continuity, and the overall charge-balance conditions. By employing the above constraints, one can solve for 0 E , 0 A , 1 C , 2 C , and 3 C to obtain the distribution of charge density, electric field, and voltage potential along the z axis.
Approximately, the dynamic of charging model can be express as: Here, τ is the natural time scale which characterizes relative speed of cation redistribution.
Applying the above analysis, the charging behavior, the distributed electric field, and the distributed electric potential can be trivially obtained. Figure 5 , figure 6 , and figure 7 are the step response of the charge density, electric field, and electric potential when a 1.5V step input voltage signal is applied to the IPMC actuator.
Visual analysis of IPMC actuator
Since the charge distribution is obtained, the induced stress inside the IPMC actuator is available. The key assumption for analysis the electromechanical behavior inside the IPMC transducer is that the induced stress inside the IPMC σ is proportional to the electric charge density ρ :
where, 0 α is the coupling constant to be determined by experiment. The internal stress σ produces the deformation of the IPMC actuator. Generally, the ideal linear beam theory is employed to analyze the bending behavior of a beam configured IPMC actuator. The bending moment is obtained by integration of induced stress along the x axis. However, this is a complicated work since the induced stress σ is not in simple form. Moreover, if the configuration of IPMC is complex (i.e. round shape, triangular shape), the above technique is unavailable. For ease of analysis, this chapter proposes a novel visual simulation technique for the IPMC actuator using a commercial mechanical analysis tool, ANSYS 12.1 (2009) [18] . In this technique, a finite element model (FEM) is created to model an IPMC actuator. By using the command "INISTATE", the induced stress, obtained from equation (30), is added to the FEM as the deformation mechanism. Next, the constraints at the clamped edges of the IPMC actuator are considered as boundary conditions (fixed support to the clamped edges). Displacement constraints are employed as boundary conditions for neutral plane inside the IPMC actuator.
An example of visual simulation is shown as figure 8 for the cantilever IPMC actuator with a constant 3V input signal. The material properties of the IPMC actuator, employed for the FEM, are shown as in Table 2 . A FEM with total 400 elements was created. As shown in figure 8a and figure 8b , the deformation of the IPMC can reach 4.69 mm at maximum under 3V input signal. Figure 8c and figure 8d show the internal strain ratio of the IPMC actuator under operation (maximum strain ratio is 0.013). Figure 9 shows the response of the IPMC beam under a step input voltage signal, and figure 10 
Physical model of self sensing ability
During the bending operation, surface resistances of the two electrode layers may change due to the non -uniform material distribution between the two electrode layers as reported in [11 -12] . During the deforming process, the surface resistance on the stretched side of IPMC increases corresponding to the reduction of conductive material density. Meanwhile, the surface resistance on the compressed side of IPMC decreases because the density of conductive material on the surface layer increases. In order to investigate the bending curvature -surface resistance correlation, a simple model of an IPMC sheet is derived out as in figure 11 . Here, half of the IPMC sheet is fixed by a clamp while the other half sheet is free 
where, and , a b β β are coupling constants to be determined by experiment. 
With the above assumption, the self -sensing ability of IPMC is discussed as follows. Define:
Employing equation (33), the variant of surface resistance in equation (34) is rewritten as:
A simplified circuit for the self -sensing actuator is carried out (figure 12)
Based on the equation (35), the following statements hold: 
The following analyses are carried out: 
, the derivatives of equation (38) and equation (42) give:
In practice, the bending curvature can be estimated by using the feedback voltage signals at several points along the z axis. The following section presents the bending estimation of IPMC actuator using four points feedback configuration.
Experimental results for self sensing of an IPMC actuator
The self -sensing test rig using an IPMC actuator is shown in figure 13 . Here, the actuator is a sheet of IPMC clamped by two plastic plates to which electrodes (Vin+, By applying equations (46) and (47), the self sensing has been carried out corresponding to four cases: 2V, 4V, 4.5V and 5V driving square input voltages signal, 0.05 Hz in frequency. Consequently, the experimental results are then shown in figure 14 . Experimental results prove that the developed self -sensing technique has the ability to measure the bending behavior of the IPMC actuator. In order to increase the accuracy of the self sensing performance, one can increase the number of captured voltage signals. However, the accuracy requirements depend on the practical application. 
Conclusion
This chapter gives a physical view in modeling the IPMC actuator and its self -sensing ability. The modeling technique provides a powerful tool to investigate the characteristic of IPMC actuator via incorporation of physical induced stress model and visual ANSYS environment. The self -sensing model gives a powerful methodology to measure the displacement of IPMC actuator. This is a great advantage for biomedical, biomimetic, micro or mobile robotic applications where external sensing systems are usually unavailable. 
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